The onset of transient Soret-driven convection is investigated experimentally in a colloidal suspension of thermosensitive nanoparticles by the shadowgraph technique and by particle tracking observations. From the shadowgraph images, the concentration profile is reconstructed, giving evidence of a convective motion inside the transient boundary layer. Furthermore, the latency times for the convection onset are extracted from the measurements. The results point out that particle tracking is superior to the shadowgraph method for detecting the onset of convection. The onset latency times obtained from these experiments obey scaling laws which are in accordance with the predictions from theoretical treatments.
I. INTRODUCTION
When an initially motionless fluid layer is heated from below, the heating creates a density gradient with denser fluid being stratified above less dense fluid, which is due to the thermal expansion of the fluid. If the temperature difference between bottom and top is increased quasistatically, i.e., slow enough for the system to develop a linear, stationary temperature profile at any given time, a convective motion in the form of a pattern of parallel vortex rolls sets in once the density gradient exceeds a certain critical value [1] . This behavior is well understood theoretically by a linear stability analysis of the motionless basic state and is called RayleighBénard convection. This system has been studied extensively in the linear and nonlinear regime, both experimentally and theoretically [2] [3] [4] [5] .
If the temperature difference is increased instantly rather than quasistatically, the temperature distribution inside the fluid will transiently deviate from the linear profile. Instead, it develops a diffusive profile with steep density gradients near the boundaries (so-called diffusive boundary layers). Once the density stratification inside such a layer reaches an unstable state, convection will start locally inside the boundary layer. Depending on the temperature difference, this transient convective motion may start long before a stationary profile is established over the complete layer height.
Such transient effects are of particular importance for convection driven by thermal diffusion in double diffusive fluids (e.g., a two-component fluid or a suspension) [6] . Here, the concentration field is coupled to the temperature field through the Soret effect: a temperature gradient leads to a concentration current which in turn influences the density gradient. For a positive Soret effect, the concentration current enhances the thermally induced density gradient, so that convection sets in for a lower temperature difference than in a comparable simple fluid. For certain colloidal suspensions, where this effect is often called thermophoresis, it may be so strong that the density gradient is established predominantly by the Soret effect, so that the resulting convection is almost purely Soret driven. While the time scale of the thermally driven case is given by the relatively small thermal diffusion time, the time scale of Soret-driven experiments is governed by the much larger mass diffusion time. Therefore, even at small laboratory scale experiments, transient effects can last for days or even weeks.
In the present article we investigate the transient convection onset in a colloidal suspension of thermosensitive nanoparticles. Due to the the extraordinarily strong thermophoretic effect of the colloids, the convection in this fluid can be considered as purely Soret driven. In Sec. II, we describe our experimental setup. Our observations are presented in Sec. III and evaluated in Sec. IV. Here, the concentration profile is reconstructed from the shadowgraph observations. Special attention is dedicated to the onset latency time, i.e., the time from switching on the experiment until the onset of convective motion. These latency times and their scaling behaviour are discussed and compared to different models and also to other experiments in Sec. V. We conclude the paper with a brief summary in Sec. VI. In the Appendix, a short outline of one of the boundary layer models leading to transient convection is given.
II. EXPERIMENTAL SETUP
The experimental setup and the properties of the working fluid are similar to those presented by Winkel et al. [7] . The fluid is contained in a horizontally aligned, narrow, parallel channel with length l = 70 mm, width b = 1.6 mm, and height d = 3.0 mm, as sketched in Fig. 1 . The upper and lower boundaries consist of copper, while the front and back sides are covered by glass plates. A temperature gradient can be applied to the cell by electrically heating the lower copper plate to a temperature T 0 + T , while the upper plate is held at a fixed temperature T 0 by a water circulation thermostat. If no heating power is applied, a slightly negative temperature difference of T ≈ −0.05 K is established, which is due to the weak thermal coupling of the lower plate to the slightly cooler environment.
The cell is illuminated from the y direction and imaged with a computer-controlled camera from the opposite side, as shown in Fig. 2 . To track the convective motion of the fluid, fluorescent polystyrene tracer particles 1 with a diameter of 2 μm and a density comparable to that of the fluid are added. The concentration of tracer particles has a number density of approximately 1900/mm 3 , corresponding to a mass fraction of approximately 8 ppm of polystyrene in water. Although with this setup we can only measure the x-z position of the particles, a movement in the y direction can be detected qualitatively from the change of the diffraction patterns produced by movements perpendicular to the focus plane.
When the camera is slightly defocused from the fluid layer, shadowgraph images can be observed due to the dependence of the refractive index of the fluid on the temperature and on the colloid concentration [8] [9] [10] . For all shadowgraph images presented in this work, the camera was focused to a virtual focal plane as shown in Fig. 2(b) . Therefore the fluid that is represented by the darker regions in the shadowgraph images is denser (i.e., has a lower temperature or a higher particle concentration) than the fluid represented by the brighter regions.
1 Sigma-Aldrich L1153. As working fluids, we use aqueous suspensions of thermosensitive core-shell nanoparticles. 2 The particles consist of an inner polystyrene core with an attached shell of a poly(N-isopropylacrylamide) (PNIPA) gel network [11] . The solubility of the PNIPA shell in water strongly depends on the temperature, leading to a swelling of the gel shell and an increase of the viscosity of the fluid with decreasing temperature [12] [13] [14] . The solubility behavior of the PNIPA shell also causes a comparatively strong positive Soret effect of the colloids [15] [16] [17] . For our experiments, we use two similar samples of nanoparticles with the internal names KS15 and KS18 that originate from different synthesis runs and differ slightly in the diameter of the core and in the size of the gel shell (see Table I ). By varying the colloid concentration in the range from 2% to 12%, we are able to cover a broad range of viscosities. The most important material properties of the working fluids are listed in Table I .
The large value of the separation ratio = β c α T
, which measures the ratio of the density gradients caused by mass transport due to the Soret effect and by thermal expansion, shows that in our system, thermodiffusion is indeed the dominant instability mechanism for convection [6, 18] . We therefore consider the convective instability as purely Soret driven. The appropriate control parameter in this case is the solutal Rayleigh number
being the overall final stationary concentration difference over the cell height d caused by the Soret effect when applying a temperature difference T . It is useful to retain the definition for R s even in cases where the system starts to convect before a stationary state can be established. In the above definitions,
is the thermal expansion coefficient, g is the acceleration due to gravity, D is the mass diffusivity, ν is the kinematic viscosity, and S T is the Soret coefficient. The respective values for our working fluids are given in Table I .
Under stationary conditions, convection sets in if R s exceeds the critical value R s,c = 720 [19, 20] . The temperature dependency of the solutal Rayleigh number for our working fluids is plotted in Fig. 3 for a layer height of d = 3 mm. It is dominated by the viscosity of the substance and in the concentration range considered here, R s decreases with increasing concentration. For our setup, the critical temperature difference for the onset of Soret-driven convection according to Eq. (1) is below 0.2 mK, which is well beyond our measurement accuracy. To prevent the development of Soret-driven convection prior to switch-on, for several days we keep our experiments at a slightly but definite negative temperature difference of T = −0.05 K before switching. The lowest experimentally achievable positive temperature ∂n/∂T (10 (50) 48 (4) 25 (4) 16 (2) 9.0(10) 8.5 (7) 6.13(12)
difference in our experiments is T = 0.05. A comparison of the resulting solutal Rayleigh numbers R s > 10 5 with the critical value R s,c = 720 for the onset of convection shows that our experiments always run in a strongly overcritical regime even for the lowest possible temperature differences. On the other hand, our highest applied temperature difference of T ≈ 6 K is still well below the critical temperature difference for purely thermally driven convection, which in our setup is T w c = (9.82 ± 0.01) K for water.
III. EXPERIMENTAL OBSERVATIONS
In the experiments discussed in this paper, the temperature difference is suddenly switched from a slightly negative Fig. 4(d) ]. This modulation becomes more pronounced with increasing temperature differences. For Rayleigh numbers well above 10 8 , we observe that the up-and downrising fronts completely split into discrete plumes (not shown here).
Particle tracking observations reveal some more characteristics of the fluid motion which are sketched schematically in Fig. 5 . Under all conditions (i.e., subcritical and supercritical), we observe a very slow, large-scale fluid motion in the form of one or two vortex rolls spanning over the entire cell [ Fig. 5(a) ]. This flow has a maximum velocity of about 1 mm/h and is probably caused by a slightly inhomogeneous temperature distribution or an imperfect horizontal alignment of the cell, which leads to convection at arbitrarily small temperature differences [24, 25] . It should be noted that the Soret-driven convection has a critical wave number of k c = 0 [6, 19, 20] . For slightly overcritical solutal Rayleigh numbers, Soret-driven convection should therefore manifest itself in the form of one or two rolls, as observed here. However, as described in Sec. II, we prevent the development of this convection mode by applying a slightly negative temperature difference before switching.
When switching to a supercritical Rayleigh number, we observe the onset of a distinct convective motion, even before the appearance of the rising shadowgraph front. This motion always starts in the form of a single vortex roll at the lower boundary, with its axis being aligned in the x direction (i.e., parallel to the primary flow direction), and grows upwards with time, propagating the fluid motion into the cell [ Fig. 5(b) ]. Some time after the onset at the lower boundary, a second, parallel convection roll emerges at the upper boundary. After meeting in the middle, the two opposingly growing rolls develop into a single roll, which stretches over the full height of the cell. This resulting roll eventually splits into a stripe pattern of convection rolls which reorient towards the y direction [ Fig. 5(c) ]. An exemplary video of a particle tracking recording is available online [23] .
The vertical position of some tracked particles, initially located near the lower boundary, are shown in Fig. 6 . The arrows mark the onset of a vertical movement seen in the particle tracking experiments (Tr) and the time of the appearance of the front in the shadowgraph observations (Sh), respectively. For more details on the definition of the onset latency times, refer to Sec. IV B. The increasing height of the upper turnover points corresponds to the growing extension of the convection roll into the cell. After approximately 100 min, the convection roll has occupied the complete height of the cell.
In the final stationary configuration, after splitting into a stripe pattern the rolls are aligned almost parallel to the y direction. Visual inspection, however, reveals a small but distinct velocity component of the tracer particles in the y direction which is most pronounced towards the top and bottom of the cell. This indicates a residual angle of the roll to the y axis and is in agreement with theoretical considerations by Davies-Jones [26] , who argued that convection rolls can never be aligned exactly perpendicular to realistic boundaries. We will not discuss this and other features of the stationary convection patterns further but will rather focus the following discussion on the transient behavior at the convection onset. 
IV. EVALUATION AND INTERPRETATION OF THE OBSERVATIONS
A. Reconstruction of the concentration profile from the shadowgraph images Figure 7 (a) shows a magnification of the part of the shadowgraph image which has been marked in Fig. 4 (c) and which will now be evaluated in detail. The rising front is represented by the strong intensity modulation (dark and bright region) near z ≈ 1.3 mm. The intensity oscillations near the cell boundaries at the top and bottom are interference patterns of the light reflected by the metallic horizontal surfaces and are not of interest here.
If the variation of the refractive index over the fluid layer is small, the normalized intensity of the shadowgraph images can be approximated up to linear order to be proportional to the curvature of the refractive index n [8] [9] [10] :
Here, I 0 is the intensity field in the subcritical state ("zero intensity"). In our fluids and in the temperature regime of interest, the refractive index depends approximately linearly on both the temperature and the colloid concentration: Table I . Due to the fact that in our system thermal diffusion is much faster than mass diffusion, the temperature field has already relaxed to its linear stationary state for the time scales considered here. Therefore the temperature field is not visible in the shadowgraph images, thus restricting the intensity dependency to the concentration field only:
The normalized shadowgraph intensity, averaged over the x range displayed in Fig. 7(a) , is given in Fig. 7(b) . The zero-intensity I 0 has been taken from images recorded at the beginning of the experiment in the subcritical state. The regions with the intensity oscillations near the cell boundaries have not been included in the diagram in order to highlight the region of the rising front. It is in principal possible to reconstruct the concentration profile over the cell (except for an unknown linear term) by using Eq. (4) and twice integrating the intensity data shown in Fig. 7(b) . However, due to the uncertainties introduced by a double integration of biases in the shadowgraph images and by the two unknown integration constants, quantitative results obtained by this method may be of questionable significance. We will therefore restrict the discussion to the qualitative form of the concentration profile. Figure 7 (c) shows the result of this procedure. The intensity data given in Fig. 7(b) has been integrated twice in the negative z direction starting from z = 2.1 mm, where the concentration is assumed to equal the initial value c 0 with the slope dc dz = 0. The distinct zero-crossing of the image intensity shown in Fig. 7(b) corresponds to an inflection point in the concentration profile, apparent in Fig. 7(c) . is also given, with the amplitude c in Eq. (A8) being scaled to match the integrals of the two concentration fields. Obviously, the purely diffusive profile cannot account for the observed shadowgraph images, since it is growing significantly too slow and also shows the wrong curvature. We therefore interpret the observations such that the diffusive concentration boundary layer has been remixed by the uprising roll visible in the particle tracking observations described earlier and sketched in Fig. 5(b) . The rising front in the shadowgraph images shown in Figs. 4(a)-4(c) then corresponds to the upper margin of this uprising roll.
B. Extraction of the onset latency times
When suddenly switching the temperature difference from a subcritical to a supercritical value, convection does not set in instantaneously, but rather after some latency time t lat . These times will now be extracted for different temperature differences from both the shadowgraph recordings and the particle tracking observations.
From the shadowgraph images, the average position z of the uprising front is tracked as a function of time. The result for a jump to a solutal Rayleigh number of R s = 1.3 × 10 8 is shown in Fig. 8 . Since the lower cell boundary is not very well visible in the recordings, the quadratic function
2 is fitted to the data shown in Fig. 8 in order to extrapolate the latency time t lat .
For the particle tracking experiments, the onset of a distinctly visible vertical movement of the tracer particles is interpreted as the onset latency time. For a quantitative evaluation, we track the vertical position of particles initially located near the lower cell boundary as functions of time. The position of such a particle is then fitted by the piecewise linear function where only the range prior to the first maximum is considered. The minimal t c obtained from all particles considered is taken as the onset latency time t lat . An example of two particles tracked and evaluated in this way is given in Fig. 9 .
The onset latency times obtained from both sets of experiments have been normalized with the mass diffusion time
and are plotted in Fig. 10 against the solutal Rayleigh number R s . For the calculation of the material-parameter-dependent part of R s , the temperature at the cell bottom has been used, since this is the position where the convective motion sets in. Obviously, the latency times extracted via particle tracking are systematically lower than those obtained from the shadowgraph images by a factor of about 2. Within the accuracy of the measurements, the latency times observed for the shadowgraph experiments follow the scaling relation
while for the particle tracking evaluation we find
V. DISCUSSION: SCALING BEHAVIOR OF THE ONSET LATENCY TIMES

A. Comparison with theory
An instructive theoretical estimate for the onset latency time has been presented by Howard [27] for thermally driven convection at high Rayleigh numbers. We will compare our data to the results of this method applied to the Soret-driven case. Details can be found in Messlinger et al. [28] and in the Appendix.
053019-6 (7) FIG. 10. Onset latency times observed with particle tracking and with shadowgraph imaging, using the substances KS15 (8.71%) and KS18 (1.91%, 2.28%, 5.29%, 7.20%, 11.9%). In order to improve readability, error bars are only given for exemplary data points. (---) Fitted exponential scaling laws given by Eqs. (7) and (8) After suddenly switching the bottom plate to a higher temperature than the initially assumed homogeneous fluid layer, mass is transported away from the boundary due to the Soret effect. The concentration profile established by this mass flux can be determined analytically [Eq. (A7)] and is shown for different times after the temperature switch in Fig. 11 . Note that the impermeable top and bottom walls enforce the total concentration current at the boundaries to vanish, leading to a fixed concentration gradient near the boundaries already shortly after the switch-on that counterbalances the Soret current with an opposing diffusion current. Therefore near the boundary the profile may be a approximated by a linear profile with the slope given by the gradient at the cell boundary, as shown in Fig. 12 . The height δ of this concentration boundary layer is then defined by the zero-crossing of the concentration profile (Fig. 12) and increases with the square root of time, as does the peak concentration at the bottom plate (see Fig. 11 ). It is assumed that the linearized layer becomes unstable against 
corresponding to Eq. (1) but calculated over the boundary layer height δ only, exceeds the threshold criterium for a stationary profile, i.e., for r s > R s,c . This happens at a critical boundary layer height δ * ,
which is reached after the latency time t lat ,
after the switch-on. In this formulation, the explicit dependencies on the material parameters of the fluid are hidden in the global Rayleigh number R s , which is also a convenient macroscopic control parameter for the experiment. For the explicit prefactors given on the right-hand sides of Eqs. (10) and (11), a critical Rayleigh number of R s,c = 816.74 has been assumed [19, 20] . This corresponds to a mechanically rigid lower and stress-free upper boundary, in order to account for the possibility of lateral fluid motion at the upper side of the concentration boundary layer, which is typically well inside the fluid layer and not close to the rigid upper wall. Since t lat only depends on the square root of R s,c , however, the actual choice of the value for R s,c does not change the magnitude of t lat significantly. Alternatively, as proposed by Shliomis and Souhar [29] , the height of the concentration boundary layer may be defined by requiring the integral over the concentration profile to be conserved. This leads to a reduced prefactor in the scaling relation for the onset latency time:
Note that for both methods, the stability criteria applied here are valid only for horizontally infinitely extended fluid layers, while for narrow channels, other scaling relations apply [28] . Although the experiments discussed here are run in a narrow channel rather than in a bulk fluid layer, the critical layer heights at the convection onset according to Eq. (10) are significantly smaller than the cell thickness: δ * < 0.1 d < 0.2 b for the solutal Rayleigh numbers of R s > 10 6 applied here. Therefore, at the convection onset, the cell boundaries are still far away compared to the concentration layer height, so that the scaling relation for the bulk geometry is appropriate.
It is well known that the stability analyses of nonlinear temperature profiles yield significantly lower critical Rayleigh numbers than those of the corresponding linear profiles [30] . A stability analysis of the full nonlinear transient profile evolving in a Soret-driven experiment has been presented by Kim [31] , who reports a scaling relation for the onset time of
The theoretical scaling relations [Eqs. (11)- (13)] derived by the different methods are shown together with the experimental data in Fig. 10 . The exponential scaling behavior of the onset latency times measured in our experiments is in good agreement with these models. The absolute values extracted from the shadowgraph recordings coincide very well with the prefactor in Eq. (12), derived by the integral method, while the values obtained from the particle tracking recordings agree with the result of Eq. (13) by Kim [31] . The discrepancy of the onset latency times predicted by the theoretical treatment and observed experimentally by the shadowgraph method is well known. It is often attributed to the fact that after the real latency time, some additional growth period has to pass until the convection flow is sufficiently strong to be experimentally detectable with the shadowgraph method [31, 32] . This argument is supported by our observation, where the convection onset detected with particle tracking coincides well with the order of magnitude predicted by the theory, while the shadowgraph evaluation yields systematically larger values.
B. Comparison with other experiments
Cerbino et al. [33] have investigated Soret-driven convection of a colloidal suspension with a large negative separation ratio in a bulk experiment heated from above at high solutal Rayleigh numbers of R s = 10 6 . . . Nielsen and Sabersky [34] observed the onset of thermally driven convection of silicone oils in a bulk geometry heated from below with a constant heat flux over the bottom boundary. Due to this boundary condition, their system can be considered mathematically equivalent to the Soret-driven case, if the solutal Rayleigh number is replaced by the normal Rayleigh number R. From their data we extract a scaling for the onset latency times of t lat /τ D = 20 R −0.5 . In both studies, the convection was observed with the shadowgraph technique, looking from above. Both scaling relations show the same exponential behavior as in our experiments, however, with slightly larger prefactors. Keeping in mind the different geometries and observation techniques of the experiments, the agreement of the onset latency times is amazingly good.
VI. SUMMARY AND CONCLUSION
We have investigated the onset of transient, Soret-driven convection experimentally by particle tracking and shadowgraph methods. The onset latency times evaluated from both methods obey the theoretically predicted exponential scaling laws. However, particle tracking observations reveal that the convective fluid motion sets in significantly earlier than detectable by the shadowgraph method. The onset latency time extracted from particle tracking observations is most accurately described by the theoretical analysis of Kim [31] . Although our experiments were conducted in a narrow cell, in the range of large solutal Rayleigh numbers investigated here, it is plausible that the convection onset in a bulk fluid layer shows a similar behavior. The respective particle tracking experiments in bulk geometries have yet to be done.
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